Direct hot press forming of Zn-coated 22MnB5 steels is impeded by micro-cracks that occur in the substrate due to the presence of Zn during the forming process. A study was therefore undertaken to quantify concentration of Zn across the a-Fe(Zn) coating and on grain boundaries in the a-Fe(Zn) layer and the underlying c-Fe(Zn) substrate after isothermal annealing of Zn-coated 22MnB5 at 1173 K (900°C) and to link the Zn distribution to the amount and type of micro-cracks observed in deformed samples. Finite difference model was developed to describe Zn diffusion and the growth of the a-Fe(Zn) layer. The penetration of Zn into the c-Fe(Zn) substrate after 600 seconds annealing at 1173 K (900°C) through bulk diffusion is estimated to be 3 lm, and the diffusion depth of Zn on the c-Fe(Zn) grain boundaries is estimated to be 6 lm, which is significantly shorter than the maximum length (15 to 50 lm) of the micro-cracks formed in the severely stressed conditions, indicating that the Zn diffusion into the c-Fe(Zn) from the a-Fe(Zn) during annealing is not correlated to the depth of micro-cracks. On the other hand, the maximum amount of Zn present in a-Fe(Zn) layer decreases with annealing time as the layer grows and Zn oxidizes, and the amount of Zn-enriched areas inside the a-Fe(Zn) layer is reduced leading to reduced length of cracking. Solid-Metal-Induced Embrittlement mechanism is proposed to explain the benefit of extended annealing on reduced depth of micro-crack penetration into the c-Fe(Zn) substrate.
I. INTRODUCTION
THE automotive industry is facing increasing demands for improved passenger safety, environmental performance, and costs reduction. [1] Ultra-high-strength steels (UHSS) were developed to offer substantial improvement of passive safety, thanks to their ultrahigh strength of 1500 to 2000 MPa and simultaneously to allow manufacturing of critical parts (A-, B-pillars, roof rails, crash management structures) via direct hot press forming process (HPF) to enable forming of complex light weight components at high volumes and low costs. [2] To meet requirement on corrosion resistance, UHSS are usually supplied coated either with an Al-Si coating that offers passive corrosion resistance or with a Zn-based coating that provides active cathodic protection. [3, 4] In the direct HPF process, a coated blank is austenitized and subsequently formed and quenched in a single press stroke to achieve the desired strength. However, Zn-coated 22MnB5 steels when exposed to temperatures of 1153 K to 1203 K (880°C to 930°C) during the HPF are known to suffer from different types of cracking. [3, 5] The mechanism of cracking in Zn-coated steel is believed to be a combination of (a) cracks initiated inside the coating as a result of different coefficient of thermal expansion of the coating and the substrate [4] ; (b) mechanical micro-cracks either newly nucleated on the surface or advancing from already cracked coating layer under the influence of friction [3] ; (c) liquid-metal-induced embrittlement (LMIE) due to the presence of liquid Zn in the coating, [6] [7] [8] ; and (d) embrittlement induced by enrichment of Zn on c-Fe(Zn) grain boundaries during the annealing stage prior to HPF. [9] It is well understood that the Zn-based coating undergoes a series of phase transformations driven by diffusion of Fe into the coating during heating stage before HPF [10] : initial soft Zn-rich g-phase (almost pure Zn) is transformed into hard C and C 1 phases (17 to 19.5 and 23.5 to 28.0 wt pct Fe, respectively). Equilibrium phase diagram for 22MnB5 has been calculated using FactSage to give guidance about the phases present at the temperature of HPF (Figure 1 ). Phase transformations and reactions are accompanied on the coating surface by turbulences of the coated layer at temperatures between 773 K and 1073 K (500°C and 800°C) with severe outbursts of Zn occurring on the interface between the coating and the substrate, and by formation of locations with accumulated Zn and possibly increased Zn content. [10] Additionally, the surface layer of the coating is oxidized at the annealing temperatures with complex and morphologically heterogeneous oxide layer (OL) formed. [11] Finally, given enough time at temperatures above 1123 K (850°C), the coating will be largely transformed into a solid solution of Zn in a-Fe(Zn) that with extended stay at the forming temperature will grow in thickness. [3, 5, 12] It has been observed that no liquid Zn is present neither in the coating nor in the steel substrate at the annealing temperature above 1173 K (900°C) if annealing treatment ranging from 180 to 720 seconds in duration is applied prior to the HPF process. [3, 4, 6, [9] [10] [11] In this case, LMIE is completely avoided. However, the maximum depth of the micro-cracks is still 30 to 50 lm into the substrate for severe forming conditions if a short annealing time (between 240 and 300 seconds) is applied. If annealing time at 1173 K (900°C) is increased to more than 500 seconds, the depth of the cracking is limited to 10 to 15 lm, [12] this is close to the crack depth (less than 10 lm) acceptable for the automotive industry. [9] However, the exact mechanisms responsible for the reduced micro-crack penetration into the c-Fe(Zn) substrate with extended annealing together with the role of Zn distribution across the coating and in the substrate are not yet fully understood. [12] The objective of this work is to assess the extent to which Zn diffusion occurs into the c-Fe(Zn) austenite phase during the annealing process prior to forming and whether this can be correlated to the penetration depth of cracks in the c-Fe(Zn) substrate. The approach is through scanning (SEM) and transmission electron microscopy (TEM), and energy-dispersive spectroscopy (EDS) characterization of the Zn distribution of samples annealed between 240 and 600 seconds prior to HPF at 1173 K (900°C) in combination with the development of a finite difference model (FDM) to describe Zn diffusion and the growth of the a-Fe(Zn) during isothermal annealing of Zn-coated 22MnB5.
II. MATERIALS AND METHODS

A. Experimental Material and Metallography
The material used in this study was Zn-coated 22MnB5 steel with a coating weight of approximately 130 g/m 2 provided by Tata Steel. The total strip thickness was 1.65 mm. Strips of this material were placed in a roller hearth furnace with air atmosphere heated to 1173 K (900°C) prior to HPF for 240, 300, 480, and 600 seconds, respectively. The experimental stamping process was applied after different isothermal holding times to form U-shaped profiles with drawing depth of 50 mm, draw gap and spacer distance of 0.15 mm, die radius of 2 mm, and forming speed of 300 mm/s. [12] Metallographic samples were taken from a non-deformed top and from a severely drawn side that is exposed to friction forces during stamping; for details on the experimental procedure and results, please see. [12] Standard metallographic methods for sample preparation were applied; the final etching step depended on the type of analysis performed: (i) non-etched for SEM back scattered electron imaging (BSEI) and EDS data collection (mapping, line scans, and point analysis); (ii) etched in saturated solution of picric acid in ethanol and wetting agent at 348 K (75°C) to reveal prior austenite grain boundaries; and (iii) etched in 1 pct picral followed by 1 pct nital for optical microscopy (OM) and SEM secondary electron imaging (SEI) to analyze the coating/substrate interface, development of the coating thickness and the coating grain size. OM Zeiss Axio Scope A1 and Field Emission Gun SEM Carl Zeiss Gemini with EDS were used. FIB lift-out method at JEOL 4500 focused ion beam (FIB) SEM was applied on polished cross sections to prepare sections for further TEM analysis. First, locality on the coating/substrate interface containing a-Fe(Zn) grains and prior austenite grain was protected by a C layer to prevent ion milling of the surface, then cross-section lift-out samples and in-plane sections of area about 10 9 10 lm were taken out and attached to a Cu grid, and finally, FIB ion thinning was applied to prepare 100 nm thin foils for TEM. JEOL 2000FX and JEOL 2100 with EDS operating at 200 kV were used to analyze the FIB crossand in-plane sections. Additional elemental line scans and mapping were performed by JEOL 2100 operating in scanning (STEM) mode with spot size of 5.5 nm.
B. Diffusion Model, Assumption, and Conditions
As shown by Marder [10] during heating from the room temperature to approximately 1073 K (800°C), complex phase transformations characterized by unstable transformation front and non-equilibrium thermodynamics involving various Zn-Fe intermetallic phases take place, making it extremely difficult to experimentally validate numerical models in this temperature range. At 1173 K (900°C), Zn-Fe intermetallic phases are not thermodynamically stable and only a-Fe(Zn) would be stable together with c-Fe(Zn) (Figure 1 ). It has been reported [10] that indeed after 180 seconds dwell at 1173 K (900°C), the intermetallic phases are fully transformed into a-Fe(Zn) and that Zn diffuses from the a-Fe(Zn) phase into the austenite phase of steel substrate to form c-Fe(Zn). In addition to diffusion and depending on the composition of the coating and the furnace dew point, varying amount of active metallic Zn in the coating is lost due to oxidation in the air furnace atmosphere. About 2.0-lm-thick ZnO layer was observed on the outermost surface during the heating and following isothermal dwell [12] resulting in approximately 70 pct of initial Zn to be available for corrosion protection after the heat treatment is finished. Therefore, after 180 seconds dwell at 1173 K (900°C), three layer structure is found with the innermost being c-Fe(Zn) austenitic substrate (austenite is transformed into martensite after die quenching from HPF), the middle a-Fe(Zn) coating, and the outermost oxide ZnO. [12] Since only three phases are present and thermodynamically stable during the isothermal annealing (Figure 1 ), the isothermal stage is therefore chosen to be simulated in this work.
The diffusion of Zn within a-Fe(Zn) layer and c-Fe(Zn) substrate at 1173 K (900°C) is schematically shown in Figure 2 with the substrate on the left, the a-Fe(Zn) coating layer in the middle, and the Zn oxide on the right side. During annealing, Zn diffuses from the interface S 2 into the c-Fe(Zn) substrate through the a-Fe(Zn) layer. The speed of the interface S 1 is calculated using the Stefan condition as
with D 
where C and D are Zn concentration and effective diffusion coefficient either in the c-Fe(Zn) substrate or in the a-Fe(Zn) coating layer, t is time, and x is space coordinate. One-dimensional (1D) implicit finite difference method (FDM) was developed to solve Eq. [2] together with the moving boundary condition (Eq. [1] ) for calculating Zn concentration within the a-Fe(Zn) coating layer and the c-Fe(Zn) substrate during annealing. Figure 3 shows the starting Zn concentration used in the 1D FDM, which is mapped using the measured data (EDS line scan) for annealing at 1173 K (900°C) for 240 seconds furnace time. The initial average thickness of the a-Fe(Zn) coating layer in the model is 17.8 lm taken from Table I. The 1D FDM is then used to calculate Zn concentration in the a-Fe(Zn) coating layer and the c substrate annealed for 300, 480, and 600 seconds at this temperature. The calculated concentration profiles and a-Fe(Zn) layer thickness are compared to the corresponding measured values, by which the effective diffusivities of Zn in the a-Fe(Zn) coating and the c-Fe(Zn) substrate are calibrated since no data are available for the effective diffusion coefficients in the literature. In the FDM, the following assumptions are made on the boundary conditions and the diffusion coefficients: the interface S 2 is planar and stationary, and the Zn diffusion flux across S 2 is equal to zero because the measured weight change showing only a thin layer of coating (about 2.0-lm thick) is oxidized during the annealing time from 240 to 600 seconds and that the oxidation kinetics is approximately linear; the interface S 1 is also planar and the boundary conditions are determined using Eq. [1] ;
Zn diffusion coefficients in the a-Fe(Zn) layer and in the c-Fe(Zn) substrate are independent of Zn contents in these two phases and are taken thus as constants; and for diffusion coefficient calibration, the published lattice diffusivity of Zn in the a-Fe(Zn) layer [13] is used in the reaction layer; however, since no data for the diffusivity of Zn in the c-Fe(Zn) substrate are reported in the literature, the lattice diffusion coefficient of Fe in c-Fe [14] is used.
Space step size 0.1 lm and time step size 0.001 second are used in all the calculations.
III. RESULTS
A. Morphology of the Coating
Figure 4(a) shows the near-surface micro-structure of the top undeformed wall of the U-shaped profile obtained in unetched condition by BSEI-SEM after heating at 1173 K (900°C) for 240 seconds. This section, unlike the side walls of the final U-shape profile, was not exposed to friction and did not receive any drawing during HPF either. The micrograph demonstrates three different regions present inside the coating: the top OL of 1 to 3 lm in thickness, a-Fe(Zn) layer is in the middle, and the martensitic substrate (m) at the bottom. It is apparent that the coating is cracked but the cracks do not penetrate into the martensitic substrate. Since top wall was not in contact with the die and not drawn, these cracks might be formed during quenching after forming due to the difference of thermal expansion between the coating and the substrate. Elemental maps of Zn by SEM-EDS are shown from the coating, the interface as well as the substrate in Figures 4(b) and (c). At short annealing time, it is clearly visible that the a-Fe(Zn)/substrate interface is ''wavy'' with occurrence of waves corresponding to the grain boundaries separating a-Fe(Zn) grains. With increasing annealing time, the wavy interface becomes less apparent. Table I summarizes measurements of the average thickness of the OL, depth of the a-Fe(Zn) layer, average size of the columnar a-Fe(Zn) grains, and of the prior austenite (c-Fe(Zn)) grain size. Apart from the growth of the thickness of a-Fe(Zn) layer and of the OL, all other microstructural parameters are not greatly influenced by increased annealing time-differences are lower than the standard deviation which is large due to coating heterogeneities such as Zn outbursts occurring earlier during turbulent events at the heating stage. [10] Further details of the interface morphology at 240 seconds are provided in Figure 5 (a) taken by SEI. Faceted interface is apparent coinciding with a-Fe(Zn) grain boundaries. Zn EDS map in Figure 5 (b) shows possible Zn-rich pocket associated with a-Fe(Zn) grain boundary and possible location of previous Zn-rich C-phase [6] ; Figure 5 (c) shows EDS Zn line scan across the a-Fe(Zn) grain boundary with increased Zn in the vicinity of the grain boundaries. At longer annealing times, Zn enrichment was not detected by SEM-EDS.
B. Zn Distribution in the Coating, Substrate, and at the Interface
To be able to measure the Zn concentration both inside the a-Fe(Zn), inside the substrate, and at the a-Fe(Zn)/substrate interface, both SEM and high-resolution STEM-EDS lines scans were performed. Figure 6 (a) shows area selected prior to the in-plane FIB lift-out, with grain boundary between the a-Fe(Zn) grains and boundary between the a-Fe(Zn) and the substrate all visible. Corresponding TEM bright-field image is shown in Figure 6 (b), and the STEM-EDS Zn line scan is shown in Figure 6 (c). STEM-EDS Zn profile shows sharp drop in the Zn concentration across the a-Fe(Zn)/substrate boundary which is observed across length of less than 700 nm.
Zn profiles measured by STEM and FEG-SEM EDS for all heating conditions are summarized in Figure 7 . Table II. C. Calculated Zn Concentration Profiles Table III shows the equilibrium concentrations of Zn at both sides of the a-c interface S 1 used in the calculations together with the calibrated effective diffusion coefficients in the a-Fe(Zn) coating and the c-Fe(Zn) substrate. Details of the calibration process are given later in the Section IV-A. Figure 8 shows the calculated Zn concentration profiles across the a-Fe(Zn) and c-Fe(Zn) phases using the FDM as well as the corresponding values measured by EDS (obtained from Figure 7 ). It should be noted that the a-c interface in Figures 8(a) through (c) is placed at the coordinate origin in order to compare the concentration around this interface. In the FDM, this interface S 1 moves into the c-Fe(Zn) substrate. Results show good agreement between the calculation and the measurement for the Zn concentration (Figures 8(a) through (c)) and reasonable agreement for the a layer thickness (Figure 8(d) . The a-Fe(Zn) thickness after 480 and 600 seconds of annealing is about 2.0-lm thicker in the FDM than in the measurement because the oxidation of a-Fe(Zn) coating layer from 240 to 600 seconds is not considered in the model, as described before.
Results in Figure 8 show that Zn concentration in the a-Fe(Zn) layer decreases with annealing time, but both the Zn concentration and the diffusion distance in the c-Fe(Zn) substrate increase with annealing time. It can also be seen that the thickness of a-Fe(Zn) coating layer increases from 240 to 600 seconds.
The good agreement between the calculated and the measured Zn concentrations at the distance 20 to 25 lm to the a-c interface in Figures 8(a) through (c) implies that the boundary conditions (zero diffusion flux) set at the oxide-a-Fe(Zn) interface S 2 are reasonable. Both calculated and measured Zn concentrations are not lower at the oxide/a-Fe(Zn) interface S 2 than at other locations within the a-Fe(Zn) coating layer. These results indicate that the depletion of Zn in the a-Fe(Zn) coating layer due to oxidation is relatively low for annealing times of 240 to 600 seconds at 1173 K (900°C).
It is shown in Figures 8(a) through (c) that the calculated and the measured Zn concentrations at the distance 10 to 25 lm to the a-c interface decrease from about 31 wt pct for 300 seconds annealing to about 25 wt pct for 480 seconds annealing, but remain at 25 wt pct approximately from 480 to 600 seconds, which means that the equilibrium concentration at the a side of a-c interface is close to the value (20 wt pct) used in the calculation. Otherwise Zn concentration in the a-Fe(Zn) coating layer would decrease during the time period from 480 to 600 seconds. The calculated and the measured Zn concentrations in the c-Fe(Zn) substrate at the distance À5 to 0 lm to the a-c interface are also in good agreement. This comparison suggests that the equilibrium concentration of Zn at the c side of a-c interface is about 7.5 wt pct, as used in the calculation.
The results shown in Figures 8(a) through (c) indicate that for the conditions examined, Zn in the a-Fe(Zn) coating layer diffuses primarily from the oxide-a-Fe(Zn) interface S 2 to the a-c interface S 1 then further into the c-Fe(Zn) substrate. Oxidation is found to slow down to an extent that Zn is not extracted out of the a-Fe(Zn) at a significant amount to supply the needed Zn for oxidation. The diffusion flux out of the a-Fe(Zn) into the c-Fe(Zn) substrate does result in a decrease of the Zn concentration in the coating layer until it drops to the equilibrium concentration (20 wt pct) at the a-c interface. On the other hand, the diffusion flux increases the concentration within the c-Fe(Zn) substrate. The depth of Zn penetration into the c-Fe(Zn) due to bulk diffusion is calculated to be about 1.3 lm after 300 seconds annealing and it increases to about 2.6 and 3.3 lm after 480 and 600 seconds annealing, respectively. Experimental data show, however, that about 2.0 lm oxide formed during 240 to 600 seconds annealing, which is not considered in the calculation. The calculated thickness should be thicker than the measured one by about 2.0 lm, and therefore, the agreement between the measured and calculated results is reasonable.
To double check the above calibrated values, Table IV compares the calibrated effective diffusion coefficients to the lattice and grain boundary diffusion data reported. [13] [14] [15] The lattice diffusion coefficient of Zn in the c-Fe(Zn) phase is calculated using D Fe cÀFe ¼ 5:0 Â 10 À5 exp½À284; 000=ðRTÞ , [14] which is the diffusivity of Fe in c-Fe with R gas constant and T temperature in Kelvin, because no experimental data for Zn lattice diffusion in the c-Fe(Zn) are available in the literature. The grain boundary diffusion coefficient in the c-Fe(Zn) substrate is also calculated using the above equation but with the activation energy assumed to be 0.6 9 284,000 = 170,400 J mol À1 . [16] It is shown that the calibrated effective Zn diffusion coefficients in the a-Fe(Zn) layer and in the c-Fe(Zn) substrate are in between the reported data for lattice diffusion and grain boundary diffusion.
The ratio of calibrated effective Zn diffusion coefficients in the a-Fe(Zn) and c-Fe(Zn) phases is about 44, which is bigger than the reported value (29) for carbon lattice diffusion but smaller than the reported one (165) for iron lattice diffusion, as shown in Table V . In Figure 9 (d), it seems that the calculated a-Fe(Zn) layer thickness using D The characteristics of the diffusion type of Zn in the a-Fe(Zn) coating layer and in the c-Fe(Zn) substrate can be determined by comparing the lattice diffusion distance to the mean grain size and grain boundary thickness d % 5.0 9 10 À10 m in each of these two phases. When the lattice diffusion distance is significantly smaller than the average grain size, the grain boundary diffusion distance can be estimated using the Whipple's solution [17] as follows
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where C/C 0 is normalized concentration, D gb and D L are grain boundary and lattice diffusivities, d is grain boundary thickness, t is diffusion time, x and y are space coordinates. Figure 10(a) shows the geometry used in the Whipple's solution: one grain boundary with two neighboring grains. The normalized concentration profile (C/C 0 ) along the grain boundary (x = 0) is numerically calculated and plotted in the g À b diagram shown in Figure 10 
and grain boundary diffusion parameter b are shown in Table VI .
In the a-Fe(Zn) coating layer, the lattice diffusion distance (1.6 lm < ffiffiffiffiffiffiffiffi D L t p < 2.6 lm) is slightly smaller than the measured mean grain size (about 10 lm-see Table I ), but they are in the same magnitude order. The grain boundary diffusion parameter (1.8 < b < 2.9) is also relatively small. Above results indicate that in the coating layer, Zn diffusion after 240 to 600 seconds annealing is Type AB and very close to Type A (bulk diffusion). Grain boundaries therefore play a certain role for diffusion, but the role is not substantial. The À14 % 44 C [14] 1.70 9 10 À10 / 5.90 9 10 À12 % 29 Fe [14] 1.86 9 10 À15 / 1.13 9 10 À17 % 165
Whipple's solution is therefore not suitable for calculating the diffusion distance in this phase.
In the c-Fe(Zn) substrate, the lattice diffusion distance (0.05 lm < ffiffiffiffiffiffiffiffi D L t p < 0.09 lm) is much smaller than the measured mean grain size (about 9 lm), but apparently bigger than the typical grain boundary thickness d % 5:0 Â 10 À10 m. The grain boundary diffusion parameter (340 < b < 550) is relatively large. These results indicate that in this phase, Zn diffusion after 240 to 600 seconds annealing is Type B, which is in between a bulk diffusion and a grain boundary diffusion. The Whipple's solution can be used to estimate the diffusion distance of Zn along c-Fe(Zn) grain boundaries. Let us take the annealing at 1173 K (900°C) for 600 seconds as an example: estimated grain boundary diffusion param-
À17 À 1Þ Â5:0Â 10 À10 =ð2 Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1:13 Â 10 À17 Â 600 p Þ % 347. From Figure 10(b) , we can find the corresponding value g % 70. Estimated grain boundary diffusion distance across which the Zn concentration decreases from the equilibrium concentration 7.5 wt pct down to 0.075 (Figure 8 ) suggests that the 1D FDM can be used to estimate the leaking of Zn into the bulk c-Fe(Zn) substrate from a-Fe(Zn) coating: 1.3 lm for 300 seconds annealing, 2.6 lm for 480 seconds, and 3.3 lm for 600 seconds in terms of diffusion distance. The diffusion in this phase is Type B, as discussed previously. The grain boundary diffusion distance is longer, i.e., about 6 lm estimated for 600 seconds at 1173 K (900°C) using the Whipple's solution.
D. Micro-cracks in Side-Wall and the Role of Zn
In our previous work, [12] it has been reported that with extended duration of annealing, the depth of crack penetration into the substrate in the drawn side-wall is 
À10 m and y is coordinate along grain boundary. Inserted concentration maps indicate the effect of grain boundaries on diffusion. reduced from a maximum depth 50 lm after 240 seconds to a maximum value less than 15 lm after 600 seconds. In the undeformed top wall and in the inside side-wall (not exposed to friction forces during forming), coating cracks not penetrating the substrate were observed; however, the amount of cracks per 1 mm was independent on the duration of annealing in all sample locations. Appearance of micro-cracking at short and at long annealing times is shown in Figures 11(a) and (b) . Since no liquid Zn is present even at the shortest annealing time (240 seconds), all micro-cracks are believed to be associated with friction forces during drawing. Kim et al. [3] also observed rapid decrease of the depth of micro-cracks with extended annealing and assumed that progressing internal oxidation of the coating is one of the major causes reducing the crack depth due to an increase in the number of cracks in the coating layer with increasing annealing time; the stress concentrations at the crack tips during forming are therefore reduced, and the cracks are more frequent and less deep. [3] Schwinghammer et al. [18] observed that with extended time of annealing and with reduced forming temperature [as low as 1048 K (775°C)], the micro-cracks are more frequent and less extended in depth into the substrate. However, no mechanism of cracking has been discussed apart from concluding that the micro-cracking at these conditions is clearly not related to LMIE. Drillet et al. [4] found some ferritic and bainitic phases in the layer just below the coating, suggesting that severe deformation in this location induces a shift in the critical cooling rate required for martensitic transformation, the ferrite and bainite are stabilized and act as soft zones promoting the micro-crack propagation. When the layer is thin, the propagation is limited. Only Hensen et al. [9] linked the reduced depth of micro-cracking with diffusion of Zn away from the grain boundaries in the coating and in the substrate. No satisfactory reason behind the reported decrease of the micro-crack depth has been however provided and as can be seen there is no agreement on the mechanism of the micro-cracking and the role of extended annealing.
Based on the results presented in our previous contribution [12] and in this work, we can confirm that there is significant change in the average concentration of Zn in the a-Fe(Zn) layer (Table II) ; homogenization of enriched Zn on grain boundaries and in pockets of the a-Fe(Zn) layer (Figure 5 ) occurs; a-Fe(Zn) layer grows notably (Figure 8(d) ), but only insignificant diffusion of Zn into c-Fe(Zn) or across the a-Fe(Zn)/ c-Fe(Zn) interface is observed (Figures 7 and 8) . Morphology of micro-cracks changes from a sharp V-shape type at short annealing time (240 seconds) (Figure 11(a) ) through mixed at intermediate times to shallow and blunt U-shape type at longest annealing time (600 seconds) (Figure 11(b) ). Relationship between micro-crack depth and Zn diffusion is shown in Figure 11 (c). Interestingly, there is a clear correlation between amount of Zn in a-Fe(Zn) and the maximum depth of micro-crack penetration into the substrate. However, the bulk and grain boundary diffusion distances of Zn into the c-Fe(Zn) from the a-Fe(Zn) coating are slightly increasing with increasing annealing time, which is contrary to what would be expected if Zn present in c-Fe(Zn) controlled micro-crack propagation into the substrate. Homogenization of enriched Zn on grain boundaries and pockets ( Figure 5 ) also plays an important role in reducing the micro-crack depth.
E. Mechanism of Micro-cracking
Clearly elimination of the liquid Zn from the coating does not prevent micro-cracking from penetrating the substrate; it is also evident that external forces such as friction shear stresses during drawing are required to enable propagation of micro-cracks into the substrate. The depth of micro-crack penetration appears to be dependent on the amount of Zn in a-Fe(Zn), and the Zn-rich pockets observed at short annealing time possibly enhance the micro-crack propagation. Lynch observed on notched Al-Zn-Mg-Cu alloy specimens exposed to constant external load in solid Indium environment [19] that in the conditions where even no liquid In is present and embrittlement atoms are transferred from solid In phase, the solid-metal-induced embrittlement (SMIE) leading to inter-granular cracking is active. The crack velocity during SMIE [20] is lower than in LMIE, and higher external stresses to propagate SMIE crack are required, and if the external stress is below a threshold value, no SMIE will occur. [19] Gordon proposed [21] that transport of the embrittlement atoms in the solid state toward the crack tip consists of a surface self-diffusion of embrittler atoms over a layer of adsorbed embrittler atoms thick enough to allow self-diffusion. Lynch accepted this mechanism and in his later works on various materials under LMIE and SMIE [22] [23] [24] suggested that embrittling adsorbed atoms induce dislocation emission from the crack tip leading to increased localized slip.
In our work, we have not detected any Zn present on the surface of the cracks but we cannot exclude that (only) several Zn atoms thick surface layer may be present during initial crack extension into the c-Fe(Zn) (c-Fe(Zn) is transformed to martensite during die quenching), and this thin surface Zn layer could be either oxidized or further mechanically cracked during HPF. Our proposed mechanism of micro-cracking of Zn-coated HPF B steels is shown in Figure 12 : (a) at 1073 K (800°C), majority of the coating is transformed into a-Fe(Zn), in certain areas especially at a-Fe(Zn) grain boundaries, Zn-rich phase C-Fe 3 Zn 10 is present; (b) at 1173 K (900°C) and 240 seconds hold any remaining C-Fe 3 Zn 10 is fully transformed into a-Fe(Zn), Zn-rich pockets inside the a-Fe(Zn) coincide with previous C-Fe 3 Zn 10 , a-Fe(Zn) contains several coating cracks not penetrating the substrate; (c) if external load is applied during HPF Zn-rich pockets and high Zn content on the a-Fe(Zn) side of the interface assist micro-cracking due to SMIE mechanism, micro-cracks are up to 50 lm deep and have a sharp V shape; (d) if is fully transformed into a-Fe(Zn), Zn-rich pockets inside the a-Fe(Zn) coincide with previous C-Fe 3 Zn 10 , a-Fe(Zn) contains several coating cracks not penetrating the substrate; (c) if external load is applied during HPF, Zn-rich pockets and high Zn content on the a-Fe(Zn) side of the interface assist micro-cracking due to SMIE mechanism, micro-cracks are up to 50 lm deep and have a sharp V shape; (d) if holding at 1173 K (900°C) is extended to 600 s a-Fe(Zn) layer growths, Zn-rich pockets disappear and amount of Zn in the a-Fe(Zn) layer is reduced leading to a reduced availability of Zn atoms to assist SMIE; (e) cracks almost do not penetrate the substrate and have shallow and blunt U shape.
holding at 1173 K (900°C) is extended to 600 seconds a-Fe(Zn) layer growths, homogenization of Zn-enriched areas on a-Fe(Zn) grain boundaries and of Zn-rich pockets takes place as well as the reduction of concentration of Zn in the a-Fe(Zn) layer, that all lead to a reduced availability of Zn atoms to assist SMIE; (e) when external load during HPF is applied, micro-cracks almost do not penetrate the substrate and have shallow and blunt U-shape; external tensile loads probably just open the pre-existing thermal coating cracks and plastically deform them. SMIE is not active due to low availably of solid Zn atoms in the a-Fe(Zn).
